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Description 

Field of the Invention 

5 [0001) The present invention relates to the provision of a high resolution crystal structure of the prokaryotic 30S 
ribosome subunit, and the use of this structure in drug discovery. 

Background of the Invention 

10 [0002] The wealth of information made available through efforts in structural genomics and advances in computation 
has allowed structure-based drug design to emerge as a valuable tool In medicinal chemistry. In the past combinatorial 
chemistry, coupled with high-throughput approaches, shifted attention away from the more structure-based methods. 
Large-scale determination of protein structures is reversing the drug discovery process by starting with the protein 
structure and using it to identify and design new ligands. It is the integration of structure-based methods, virtual screen- 

15 ing, and combinatorial chemistry that will provide the basis for more efficient drug design In the future, significantly 
reducing the time of the design cycle and the cost per marketed drug. Significant advances have already been made 
in AIDs, arthritis and cancer and in the treatment of hypertension e.g. captopril. 

[0003] Translation of the genetic code occurs on the ribosome, a large nucleoproteln complex that consists of two 
subunits. In bacteria, the two subunits are denoted 30S and 50S. The 50S subunit contains the catalytic site of peptidyl 

20 transferase activity, while the 30S subunit plays a crucial role in decoding messenger RNA. Protein synthesis b a 
complex, multistep process that requires several extrinsic GTP-hydrolysing protein factors during each of the main 
stages of initiation, elongation and termination. Despite several decades of work, the molecular details of the process 
are poorly understood, and the elucidation of the mechanism of translation Is one of the fundamental problems in 
molecular biology today. A recent collection of articles summarizes the state of understanding of the field [1]. 

25 [0004] A contribution to this problem was made by Yonath and coworkers, who after nearly a decade of work showed 
that structures as large as the 50S ribosomal subunit would form crystals that diffract beyond 3A resolution [2]. Originally, 
it was not dear that phase information from such a large asymmetric unit could be obtained to high resolution, but the 
development of bright, tuneable synchrotron radiation sources, large and accurate area detectors, vastly improved 
crystallographlc computing, and the advent of cryo-crystallography have all contributed to making structural studies of 

30 the ribosome more tractable. In our work, the use of anomalous scattering from the LIU edges of lanthanides and 
osmium has also played a critical role in obtaining phases. 

[0005] The 30S ribosomal subunit (hereafter referred to as 30S) from Thermus thermophitus was originally crystal- 
lized by Trakhanov et at. in 2-methyl-2,4-pentanedlol (MPD) [3] and soon afterwards by Yonath and coworkers In a 
mixture of ethylbutanol and ethanol [4]. Subsequent work by both groups showed that the MPD crystal form diffracted 

35 to about 9-1 2k resolution [5, 6]. The diffraction limit of these crystals did not improve beyond 7A resolution for almost 
a decade, but more recently both Yonath and coworkers [7, 8] and we [9] obtained crystals of the MPD form that exhibit 
significantly improved diffraction. However, unlike the crystals obtained by the Yonath group [6], our crystals do not 
require soaking in tungsten clusters or heat treatment in order to obtain high resolution diffraction. 
[0006] We have previously described the structure of the 30S at 5.5A resolution [9]. We were able to place all seven 

40 proteins whose structures were known at the time, Infer the structure of protein S20 to be a three-helix bundle, trace 
the fold of an entire domain of 16S RNA, and identify a long RNA helix at the interface that contains the decoding site 
of the 30S. Proteins S5 and S7 were also placed in electron density maps of the 30S obtained by Yonath and coworkers. 
[0007] The SOS ribosomal subunit Is a major target for antibiotics. The ribosome Is a useful target for antibiotics since 
the structure of the 30S is widely conserved between prokaryotes, allowing for broad spectrum antibiotics. However, 

45 resistance to current antibiotics is currently a major problem in the field of medicine. There are presently very few new 
antibiotics available which can be used to treat the highly resistant strains of bacteria such as MRSA (methteilin resistant 
Staphylococcus aureus) which are becoming Increasingly widespread. 

[0008] Understanding the interaction of antibiotics with the ribosome at the molecular level is importantfor two rea- 
sons. Firstly, antibiotics act by interfering with various aspects of ribosome function. Thus understanding thejr interaction 
so will help shed light on mechanisms involved in translation. Secondly, a detailed knowledge of antibiotic Interactions 
with the ribosome could aid the development of new drugs against increasingly resistant strains of bacteria. Although 
antibiotics were characterized several decades ago, a detailed knowledge of their mechanism will in general require 
a three-dimensional structure of their complex with the ribosome. 

[0009] The low (greater than 3A resolution) crystal structures described above do not provide sufficiently detailed 
55 resolution for useful modelling of the crystal structure of the 30S and there is thus a need for a high resolution structure 
which can be used usefully in the development of novel therapeutics. 
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Summary of the Invention 

[0010] We have now solved and refined the structure of the 30S at 3A resolution. Tlie structure contains all of the 
ordered regions of 16S RNA and 20 associated proteins, and contains over 99% of the RNA sequence and 95% of 
the protein sequences, with the missing parts being exclusively at the termini of RNA or polypeptide chains. Here we 
describe the overall architecture and the main structural features of the 30S subunit. 

[001 1 J The refined atomic resolution model of the 30S presented here allows the interpretation of a vast amount of 
biochemical data on its function in precise structural terms. The structure will also serve as a basis for the Interpretation 
in molecular terms of lower resolution models of various functional states by electron-microscopy or x-ray crystallog- 
raphy. The 30S structure will help produce testable models for various aspects of ribosome function. 
[0012] In a first aspect, the present invention provides a crystal of the Thermus thermophitus 30S subunit having a 
tetragonal space group P4 1 2 1 2 with unit cell dimensions of a = 401 .375 A, b = 401.375 A, c = 175.887 A or more 
generally a = 401 .4 A, b = 401 .4 A, c = 1 75.9 A, but more preferably a = 401 .4 ± 4.oA, b = 401 .4 ± 4.0A c = 1 75 9 ± 
5.0A. An advantageous feature of the structure is that it diffracts beyond 3A resolution. Another feature of the structure 
is that it was obtained in a method which did not involve soaking crystals in heavy atom (e.g. tungsten or tantalum) 
clusters or heat activation. Furthermore, it is specifically of the 885-888/91 0-912 base pairing confirmation of 1 6S RNA 
These features, both singly and in combination all contribute to features of the invention which are advantageous. 
[0013] In a second aspect, the invention also provides a crystal of 30S having the three dimensional atomic coordi- 
nates of the 30S ribosome. Table 1 A provides a set of atomic coordinates of the 30S ribosome. Table 1 B provides a 
set based upon the coordinates of Table 1 A but which have been refined further from our data. Reference herein to 
"Table 1 " is a reference to either of Table 1 A or 1 B (or where the context permits, both). Thus, for example, where it is 
stated that the invention refers to computer readable media with "atomic coordinate data according to Table 1 recorded 
thereon', this means that the media has either the data of Table 1 A, or the data of Table 1 B, or both, recorded thereon 
[0014] We have also observed that 30S crystals do not contain the S1 subunit protein. In our studies, we have found 
that by selectively removing this protein prior to crystallization, we have been able to obtain the improved resolution * * 

descnbed herein. Although the atomic co-ordinates provided in Table 1 below allows those of skill In the art to bypass r ^ 
the need to undertake the crystallization of the 30S, this crystallization method nonetheless forms a further aspect of 

tha nuontlnn 



the invention. ' ' ™— ~ — - — - — -h— - \^ , 

.;c 



[001 5] Accordingly, there Is provided a method for crystallizing a the 30S subunit to obtain a high resolution structure 
of a 30S subunit, which method comprises providing a 30S subunit, selectively removing the 31 subunit therefrom and 
crystallizing the 30S. 

[0016] In a further aspect, the present invention provides a method for identifying a potential Inhibitor of the 30S 
comprising the steps of: 

a. employing a three-dimensional structure of 30S, or at least one sub-domain thereof, to characterise at least one 
active site, the three-dimensional structure being defined by atomic coordinate data according to Table 1; and 

b. identifying the potential inhibitor by designing or selecting a compound for interaction with the active site. 

[0017] In a further aspect, the present invention provides computer readable media with either (a) atomic coordinate 
data according to Table 1 recorded thereon, said data defining the three-dimensional structure of 30S or at least one 
sub-domain thereof, or (b) structure factor data for 30S recorded thereon, the structure factor data being derivable 
from the atomic coordinate data of Table 1 . 

Description of the Drawings. 

[0018] 

Figure 1 shows the secondary structure of the 30S ribosome. 

/ 

50 Figure 2 is Table 1 A and 1 B. 

Detailed Description of the Invention. 
Definitions. 

[0019] The term "sub-domain" includes the following: 
(a) and element selected from the following: 
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at least one complete element of secondary structure, i.e. an alpha helix or a beta sheet, or RNA helix, as 

described in the detailed description below; 

a group of two or more such elements which interact with each other; 

at least one subunit protein; 

5 a subgroup of subunit proteins, for example a group which Includes two or more proteins which are found to 

interact with each other, 

any of the above, when being protein or element thereof being used in conjunction with all or part of the 1 6S 
RNA structure associated with said elements or proteins; 

10 (b) a space of volume defining a region around any one particular atom of interest (e.g. an atom involved in binding 

to an antibiotic), the volume being less than the total volume of the tetragonal space of the complete crystal. For 
example, the coordinates of atoms in a volume of from about 500 to about 15.000A 3 may be selected and used 
for the present invention. Such a space may be a sphere having a diameter of from about 10A to about 30A, 
centred around a point of interest; and 

is 

(c) a collection of at least 1 0, e.g. at least 25 such as at least 50, more preferably at least 1 00, even more preferably 
at least 500 atoms and most preferably at least 1 000 atoms defined by the coordinates of Table 1 , wherein at least 
2 of said atoms, and preferably at least 50% of said atoms of the collection are located within 50 A of each other. 

20 [0020] An "active site" of the 30S is any part of this structure involved in tRNA or mRNA binding, factor binding or 
translocation. This includes regions responsible for binding initiation factors, elongation factor G or release factors, 
regions which are target sites for regulation by co-factors, phosphorylation or acetylatlon, and regions responsible for 
interaction with the 50S ribosome. In also Includes regions which change conformation during translocation or protein 
synthesis, particularty one or more of the 16S RNA helixes 1 8, 27, 34 and 44. 

25 [0021] Particular regions of the 30S include antibiotic binding regions. Other regions include the three tRNA binding 
sites, i.e. the aminoacyl (A), peptldyt (P) and (exit) E sites. 

Other active sites are those which undergo movement during translocation of tRNAs from the A to P sites and the P 
to E sites. Regions further include any one of the subunit proteins S2 to S20 and THX, including any of the individually 
identified subunit proteins in the accompanying examples. 
30 [0022] By fitting", is meant determining by automatic, or semiautomatic means, interactions between one or more 
atoms of an potential inhibitor molecule and one or more atoms or binding sites of the 30S, and calculating the extent 
to which such interactions are stable. Various computer-based methods for fitting are described further herein. 
[0023] By "root mean square deviation" we mean the square root of the arithmetic mean of the squares of the devJ- 
ations from the mean. 

35 [0024] "Computer readable media" refers to any media which can be read and accessed directly by a computer. 
Such media include, but are not limited to: magnetic storage media such as floppy discs, hard disc storage medium 
and magnetic tape; optical storage media such as optical discs or CD-ROM; electrical storage media such as RAM 
and ROM; and hybrids of these categories such as magnetic/optical storage media. 

[0025] A "computer system" refers to the hardware means, software means and data storage means used to analyse 
40 the atomic coordinate data of the present invention. The minimum hardware means of the computer-based systems 
of the present invention comprises a central processing unit (CPU), Input means, output means and data storage 
means. Desirably a monitor is provided to visualise structure data. The data storage means may be RAM or means 
for accessing computer readable media of the Invention. Examples of such systems are microcomputer workstations 
available from Silicon Graphics Incorporated and Sun Microsystems running Unix based, Windows NT or IBM OS/2 
45 operating systems. 

Table 1. 

[0026] The coordinates of Table 1 provide a measure of atomic location in Angstroms, to a third decirpal place. In 
so orderto use the information in these Tables for the purposes described herein as being aspects of the present Invention, 
these coordinates may be varied by up to ± 1 .0, such as by up to ± 0.7, preferably no more than up to ±0.5 Angstroms, 
without departing from the scope of the invention. 

[0027] Furthermore, varying the relative atomic positions of the atoms of the structure so that the root mean square 
deviation of the 16S RNA or S2-S20 protein backbone atoms is less than 1.5A (preferably less than 1.oA and more 
55 preferably less than 0.5A) when superimposed on the coordinates provided in Table 1 for these structures, will generally 
result in a structure which Is substantially the same as the structure of Table 1 1n terms of both its structural character- 
istics and potency for structure-based drug design of 30S ligands. 

[0028] Thus for the purposes described herein as being aspects of the present invention, it is within the scope of the 
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invention if: the Table 1 coordinates are transposed to a different origin and/or axes; the relative atomic positions of 
the atoms of the structure are varied so that the root mean square deviation of conserved residue backbone atoms is 
less than 1 .5A (preferably less than 1 .OA and more preferably less than 0.5A) when superimposed on the coordinates 
provided in Table 1 for the conserved residue backbone atoms; and/or the number and/or positions of water molecules 
Is varied. Reference herein to the use of the coordinates of Table 1 thus includes the use of coordinates In which one 
or more individual values of the Table are varied in this way. 

[0029] Table 1 includes coordinates of two zinc ions, together with 202 other ions which are not identified, although, 
while not wishing to be bound by any one theory, are believed to be selected from cobalt and magnesium. Some or all 
of these ions may optionally be discarded from Table 1 when using the data. The table also lists the coordinates of a 
26 amino acid peptide, Thx, as well as a 6 nucleotide fragment of mRNA, NNNUCU, designated as molecule X. Both 
the coordinates of both these molecules may likewise optionally be discarded, I.e. so that the coordinates of the 1 6S 
RNA and the proteins S2 to S20 alone are modelled and used In applications of the invention. 
[0030] There are a few N- or C-terminal sequences of the S2 to S20 proteins which were not resolved in the structure 
of Table 1 , together with a some of the 5* and 3' residues of the 1 6S RNA. These are not essential for the purposes of 
the present Invention, but are listed in Table 2 for completeness. Those of skill in the art may, if desired, wish to adapt 
the structures provided by the coordinate of Table 1 by modelling in one or more of the amino acids or nucleotides of 
Table 2. 

[0031] This methodology provides those of skill in the art a means to provide 30S crystals of T.thermophllus. The 
conservation of ribosome structure, particularly regions of structure essential for function, between prokaryotes, for 
example prokaryotes which are human pathogens, such as Staphylococcus spp, and the like, allows the structure 
herein to be useful in the provision of anti-bacterial agents in general. Thus, the structure may be used to solve 30S 
subunits by the technique of molecular replacement. In such a method, x-ray diffraction data are obtained from crystals 
of a 30S subunit from another species, e.g. a species of a bacteria pathogenic to humans. The coordinates of Table 1 
may be used to find the orientation of the unknown molecule in the crystal, and electron density maps calculated. These 
maps can then be Interpreted with the sequence of the species In question, and the coordinates of our 30S structure 
can be used to help and speed Interpretation. In this way, the structure of our 30S facilitates the determination of 
structures of 30S subunits and whole ribosomes from other organisms. 

[0032] Accordingly, the invention provides a method for the determination of the structure of a bacterial 30S from a 
species other than T. thermophffus which method comprises: 

(a) crystallising the 30S of said species to obtain a crystal; 

(b) performing X-ray crystallography on said crystal to obtain X-ray diffraction data; 

(c) providing the structure data of Table 1; and 

(d) using molecular replacement to calculate an electron density map of the 30S. 

[0033] In such a method the SOS may be prepared by removal of the S1 subunit, as described herein. 
[0034] The electron density map obtained may then be used to calculate the atomic coordinate date of the 30S. The 
atomic coordinate date thus obtained may be used to for the design and analysis of new and specific ligands for 30S 
as described herein. 

The 30S crystal structure. 

[0035] The high resolution structure provided herein provides a crystal with unft cell dimensions which are provided 
in the accompanying table to 3 decimal places, i.e. a=b= 401.375, c = 175.887 A. However, those of skill in the art 
wishing to reproduce the crystallization described herein and obtain such crystals will appreciate that a degree of 
experimental variability and error will mean that crystals of the Invention will be obtained with a unit cell dimension 
within, but not exactly corresponding to, this size. Thus crystals of the invention may generally be defined as having 
unit cell dimensions of a = 401 .4 ± 4.0A, b = 401 .4 ± 4.0A, c = 1 75.9 ± 5.0A, preferably a = 401 .4 ± 1 .OA, b = 401 .4 ± 
1 .OA, c = 1 75.9 ± 2.0A preferably a = 401 .4 ± 0.7A, b = 401 .4 ± 0.7A, c = 1 75.9 ± 1 .4A, and more preferably a = 401 .4 
± 0.2A, b = 401 .4 ± 0.2A, c = 1 75.9 ± 0.4A. These unit cell sizes are believed to define a novel and more high ly resolved 
unit cell size than has previously been possible In the art. 

Production of crystals. 

[0036] To obtain crystals according to the present invention, we have found that selective removal of the S1 subunit 
protein is advantageous. A suitable method for the selective removal of the S1 subunit protein is by the use of a 
hydrophobic interaction chromatography column (poros-ET). 30S ribosomal subunits lacking the S1 subunit may suit- • 
ablybeseparatedfromthosecontainingtheSI subunit by running a column using a reverse ammonium sulfate gradient 
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from 1 .5M to 0.5M, with 20mM Hepes, pH 75, and 10mM acetate. The 30S subunits lackJng S1 are eluted first, giving 
the first major peak. During edition of the 30S peak the ammonium sulfate concentration is maintained at a constant 
level. Once the 30S peak has eluted the ammonium sulfate concentration is then further reduced to elute the 30S + 
S1 fraction. 

s [0037] An alternative method for the selective removal of the S1 subunit protein is by preparative gel electrophoresis. 
Gel electrophoresis may suitably be carried out by first preparing and mixing a 3% acrylamide. 0.5% agarose cylindrical 
gel, and pouring this gel into a BioRad Prep CeD. 30S ribosomal subunits are then loaded onto the gel and continuously 
eluted as they emerge form the other end of the gel. The 30S fraction lacking the S1 subunit comes off first, giving the 
first major peak- The 30S + S1 fraction gives the trailing peak (or shoulder) and can be discarded. 

10 [0038] Once the S1 is removed, the crystals may be formed, using suitable conditions. These Include the use of 
13-17% v/v methyl-2,4-pentanedIot in the presence of 200-300 (e.g. about 250) mM KCI, 50-100 (e.g. about 75) mM 
ammonium chloride, 1 5-30 (e.g. about 1 5 or about 25) mM MgClj at a pH of 6.0 - 7.5 (e.g about pH 6.3 - 6.7 such as 
pH 6.5) in 50-150 (e.g. about 100) mM sodium or potassium cacodylate or MES (2-(N-morpholino)ethane sulphonfc 
add). 

13 [0039] In a particular aspect, the conditions may comprise the use of 250 mM KCI, 75 mM NH 4 CI, 25 mM MgCfe, 6 
mM 2-mercaptoethanol in 0.1 M potassium cacodylate or 0.1 M MES (2-N-morpholinoethanesulfonic acid) at pH 6.5 
with 1 3-1 7% MPD as the precipitant 

[0040] The crystals may be grown by any suitable method known as such to those of skill In the art Suitably, the 
crystals may be grown over a period of 4-8 weeks at about 4°C. The structure of the crystals so obtained may be 
20 resolved, and crystals which resolve to a resolution of at least 3A selected. Crystals which resolve to a resolution of 
at least 3A obtainable by such a method are a further aspect of the invention. 

Use of structure of Table 1. 

25 [0041 ] The determination of the three-dimensional structure of SOS provides a basis for the design of new and specific 
ligands for 30S. For example, knowing the three-dimensional structure of 30S, computer modelling programs may be 
used to design different molecules expected to interact with possible or confirmed active sites, such as binding sites 
or other structural or functional features of 30S. 

[0042] The high resolution model of the 30S provided by Table 1 may be used to examine and determine the binding 
30 of antibiotics known to target this ribosome subunit. Such antibiotics include paromomycin, streptomycin, spectinomy- 
cin, tetracycline, pactamycin and hygromycin B. 

[0043] A candidate llgand, particular one which acts as an Inhibitor molecule may be any available compound. A 
number of commercial sources of libraries of compound structures are available, for example the Cambridge Structural 
Database. 

35 Such libraries may be used to allow computer-based high throughput screening of many compounds in order to identify 
those with potential to interact with the active site of a ribosome. 

[0044] More specifically, a potential ligand capable of modulating 30S activity can be examined through the use of 
computer modelling using a docking program such as GRAM, DOCK, or AUTODOCK (see Walters et at, Drug Dis- 
covery Today, Vol.3, No.4, (1998), 160-178, and Dunbrack et at, Folding and Design, 2, (1997), 27-42) to identify 

40 potential ligands of 30S. This procedure can include computer fitting of potential ligands to 30S or a subdomain thereof 
to ascertain how well the shape and the chemical structure of the potential ligand will bind to the enzyme. 
[0045] Also computer-assisted, manual examination of the active site structure of 30S may be performed. The use 
of programs such as GRID (Goodford, J. Med. Chem., 28, (1985), 849-857) - a program that determines probable 
interaction sites between molecules with various functional groups and the enzyme surface : may also be used to 

« analyse the active site to predict partial structures of ligands for the site. 

[0046] Computer programs can be employed to estimate the attraction, repulsion, and steric hindrance of the two 
binding partners (e.g. the 30S and a potential ligand). Generally the tighter the fit, the fewer the steric hindrances, and 
the greater the attractive forces, the more potent the potential ligand since these properties are consistent wjth a tighter 
binding constant. Furthermore, the more specificity In the design of a potential llgand, the more likely it Is tfcat the ligand 

so will not interact with other proteins as well. This wW tend to minimise potential side-effects due to unwanted interactions 
with other proteins. 

[0047] Having designed or selected possfole binding ligands, these can then be screened for activity. Consequently, 
the method preferably further comprises the further steps of: 

55 obtaining or synthesising the potential ligand; and 

contacting the potential ligand with SOS to determine the ability of the potential llgand to interact with 30S. 

* [0048] More preferably, In latter step the potential ligand is contacted with 30S under conditions to determine its 
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function, for example fn a cell free translation system. 

[0049] Instead of, or in addition to, performing such an assay, the method may comprise the further steps of: 

obtaining or synthesising said potential ligand; 
forming a complex of 30S and said potential ligand; and 

analysing said complex by X-ray crystallography to determine the ability of said potential ligand to interact with 
.1 ., kJ'I* structural ^formation can then be obtained about the binding of the potential ligand to SOS and in 
he light of this Information adjustments can be made to the structure or functionality of the potential liqand e q 
to improve binding to the active site. Steps c. toe. may be repeated and re-repeated as necessary. ' 

[0050] Another aspect of the invention includes a compound which is Identified as an ligand of 30S by the method 
of the above aspects of the invention. 1 ,IH *" ,WJ 

[0051 J The present high resolution structure of 30S provides a means to determine the location of binding of antibi- 
otics as well as the interactions at the location between 30S and the antibiotic. Such antibiotics include paromomycin 
streptomycin spectlnornycln, tetracycline, pactamycln and hygromycin B. The high structure of Table 1 may be used 

^SolhT^T f^; ,i9and < wherein deludes an antibiotic) complex comprising the steps of (I) coc- 

n^tallfeing the 30S wfth the ligand or soaking the ligand into crystals of the 30S; <ii) collecting X-ray cr^tallographlc 
dfffraction data from the crystals of the 303-ligand complex and (iii) using the three-dimensional structure of 30S of 

ITn LV^h T S Tl SUb : d t omaln thereof ' to 9 enerate a differe nce *>urier electron density map of the 30S-ligand; 
and (iv) modelling the ligand in the difference Fourier electron density. 

S„t^K eref0re ' 30 k S ; ,lgand com P'e*es ^ °* crystallised and analysed using X-ray diffraction methods, e.g. ac- 
Fnl- Zl* "T"^ dG$Cribed by Greer et a) ' d ° fM «™™> Chemistry, Vol. 37, (1 994), 1 035-1054, and difference 
r-ouner electron density maps can be calculated based on X-ray diffraction patterns of soaked or co-crystallised 30S 

hnnnS! ^t^T * uncom P texed 30S - The* maps can then be used to determine the structure of the ligand 
bound to the 30S anoVor changes the conformation of 30S. 

[0053] Data obtained from a ligand bound to 30S may be used to Improve the ligand, for example by adding or 
rernovmg functional groups, substituting groups or altering its shape to obtain improved candidates, which may men 
be screened, solved in complex as described herein above, in an iterative process 

[ ™**\ B "*™ densrtv m *ps can be calculated using programs such as those from the CCP4 computing package 
[^! ^ 7«r7«<vf ^ ro J ec *^" "^n® ^CP4 Suite; Programs for Protein Crystallography, Acta Crystallographies, 
* aa?:!« 1 map v,suallsatIon and model building programs such as "O" (Jones et al., Acta Crystallo- 
ffra/y, A47, (1991), 110-119) can be used. 

[0055] By providing such computer readable media, the atomic coordinate data can be routinely accessed to model - 

I^ZIZ !!T° f L FOr eXamp,e ' RASM0L 18 3 Pub,lc,y availab,e soflwara which allows 

access and analysis of atomic coordinate data for structure determination and/or rational drug design 

[0056] On the other hand, structure factor data, which are derivable from atomic coordinate data (see e.g. Blundell 
1H\ " ? Crystallography, Academic Press, New York, London and San Francisco, (1976)), are particularly 
useful for calculating e.g. difference Fourier electron density maps. . 

L^fPctn 1 !! 8 ' 10 ^ 6 ''^ 601, Pre$ent lnVGnti0n provides systems ' P art teularly a computer systems, Intended to gen- 
eral stwetures and/or perform rational drug design for 30S or 30S ligand complexes, the systems containing either 
(a) atomic coordinate data according to Table 1 , said data defining the three-dimensional structure of 30S or at least 

° r (b) Stmcture factor data for 30S ' sald st ~cture factor data being derivable from the atomic 
coordinate data of Table 1 . 

S M £ ant s ? rains r f btant 10 acti °n of these antibiotics can arise through mutation of a protein subunit of 
If*™ ln the 16S RNA {0 - g - 2'O^thylation), or modification (e.g. acetytation) 

of the antibiotic). The sites of mutations in some cases are known or can be identified. Where such sites are identified 
rn£o, tL' examp,e ' primarv sea ."ence data, the invention provides a means to model the structure of U* mutants. 
[0059] There is thus provided a method which comprises providing the structure of the 30S ribosome of Table 1 
mS?2£? Z ° r nuc,eot,de of sa,d t0 P'°vlde a mutant SOS, and modelling the structure of the 

mutent 30S to provide a structure of the mutant. The mutant may be used in the manner described above for the wild 
n?™ 1? ? f omputer readab,e 1o ™> modelled to provide ligands, and the like. The modelling may be based 

r r ! , 8V J° Ur ° f the at ° mS ° f the Chan9ed am,no acld based "P°n »ts interaction with the surrounding 
aioms in the model provided herein. 

. ™ S P^f 88 mfl y be "erative, e.g. to produce successive mutations into the 30S structure, for example 2, 3, 
**, or o io to mutations. 

^1 Re9bnS ° f 3 ? S Whfch may be Subject 10 thfe ***** ot the Mention include those regions Identified in the 
accompanying examples as regions of the 30S involved in ribosome function. 
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[00621 ln a ^rther aspect, the present invention provides a means to solve or interpret electron density maps of the 
whole 70S ribosome at low or high resolution, and thus solve the structure of the whole 70S ribosome. 
[0063] In particular, the invention provides a method for the determination of the structure of a bacterial 70S ribosome 
which method comprises 

5 

(a) crystallising the 70S of said species to obtain a crystal; 

(b) performing X-ray crystallography on said crystal to obtain X-ray diffraction data; 

(c) providing the structure data of Table 1 ; and 

(d) using molecular replacement to calculate an electron density map of the 70S. 

10 

[0064) The invention is illustrated below by the following examples, their accompanying Figures and Tables. In Table 
1 there is shown In each row Atom number, element type, residue (amino add, nucleotide, etc), number In molecule 
(for proteins N to C terminal direction, for nucleic acid 5' to 3" direction), X, Y and Z co-ordinates, occupancy, B factor 
(A 2 ) and an identifier for the member of the 30S (e.g. for the subunits in the format "ASn" where A is an arbitary letter, 

15 different for each member, S Is the subunit and n Is the subunit number; and for the 1 6S as "A1 6S"). 

[0065] Throughout the accompanying example, we use the numbering system for E coli 16S RNA, as well as the 
standard helix numbering, denoted H1-H45, for the secondary structure elements [19] with some modifications as 
shown in Figure 1 . The most significant differences between the £ cott and T. thermophllus sequences are a shorter 
H6 and H10, and insertions In H9 and H33a. Any Insertions In r thermophllus relative to E. coll are Indicated in the 

20 coordinates with an insertion letter after the nucleotide number, following the practice for tRNA. 

MATERIALS AND METHODS 

Crystalfization of the 30S. 

25 

[0066] Because we observed that the 30S crystals completely lacked ribosoma! protein S1 , care was taken to remove 
S1 selectively from the 30S prior to crystallization. Crystals were obtained in 1 3-1 7% MPD over a range of pH in the 
salt and magnesium conditions described by Trakhanov et al [3]. The crystals were largest and most reproducibly 
obtained at a pH of 6.5 in 0.1 M cacodylate or MES buffer. Crystals took approximately 6 weeks at 4*C to grow to their 
30 maximum size. The largest crystals, which were required for high resolution data collection, grew to a size of 80-1 00 
□80-1 00 D200-300 microns. The activity of redissorved crystals in poly{U)-directed protein synthesis was comparable 
to that of freshly isolated 30S subunits. 

Data collection. 

35 

[0067] Crystals were transferred to 26% MPD by vapor diffusion in two steps over a period of 6 days. All crystals 
(except for those soaked in osmium hexammine or osmium pentammine) also contained 1 mM cobalt hexammine In 
the cryoprotectant. Crystals were flash-cooled by plunging into liquid nitrogen, and data collection was done in a cry- 
ostream at 90-100 K. 

40 [0068] A large fraction of crystals was screened at beamllnes 9.6 or 14.1 at the SRS at Daresbury Laboratories, 
using two short exposures at least 40 degrees apart. These crystals were then analyzed for diffraction limits, cell 
dimensions and mosaic spread. Only crystals of similar cell dimensions and with reasonable mosaic spread were used 
for data collection. 

[0069] Potential derivatives were screened on beamfines X25 at the NSLS at Brookhaven National Laboratory and 
« BM-14 at the ESRF (Grenoble). Data to about 4.5A were obtained from X25. High resolution data were collected at 
SBC ID-19 at the APS In Argonne National Laboratory, and ID14-4 at the ESRF. In all cases, derivative data were 
collected at the peak of the fluorescence at the Llll edge to maximize anomalous differences. At X25 and SBC ID-19, 
the kappa gonfostat was used to rotate precisely about a mirror plane so that small anomalous differences could be 
measured accurately. Each crystal typically yielded 3-1 0 degrees of data. Data were Integrated and scaletfusing HKL- 
50 2000 [10]. 

Structure determination. 

[0070] Previously determined phases at 5.5 A [9] were used to locate heavy atom sites using anomalous difference 
55 Fourier maps. Initially, these sites were used for phasing to 3.35 A using the program SOLVE [1 1 }, followed by density 
modification with SOLOMON [12], using the procedure Implemented In SHARP [13]. Optimization of the various pa- 
rameters in the procedure was required to obtain Interpretable maps. The RNA and some of the proteins were built 
using the SOLVE maps. The sequence of Thermus thermophilus 1 6S RNA[1 4] was used for the structure. For proteins, 
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a combination of previously published sequences and new ones from the Gottingen Thermus genome sequencing 
project were used. Improved maps were obtained by calculating experimental phases to 3.2A using SHARP followed 
by density modification and phase extension to 3.05A with DM [15]. The improved maps allowed us to build all the 
ordered parts of the structure. The model was built using O [16], and refined using the program CNS [17]. Maximum 
likelihood refinement was used, initially with both amplitudes and experimental phase probability distributions to 3 35A 
and subsequently with amplitudes to 3.05A. 



RESULTS 



[0071 J The 30S subunit from Thermus thermophilus consists of a 1522 nucleotide 16S ribosoma! RNA [14] and 21 
associated proteins, of which 20 have known counterparts In E. coll. Protein S21 Is not present In Thermus, and protein 
S1 has been removed from the 30S prior to our crystallization. In addition, a 26 residue peptide, Thx is present in 
Thermus 30S subunits [1 8]. 

[0072] Experimentally phased maps clearly showed main chain density for RNA and protein, individual bases (which 
were often of sufficient quality to distinguish purines from pyrimldines), and large well-ordered side chains of proteins 
These maps were used to build 16S RNA and the previously unknown proteins S2, S3, S9, S10, S11, S12, S13, S14 
and Thx. In addition, regions that were disordered In Isolated structures or had changed significantly'were also built 
This often consisted of significant portions of the N- and C-termlnal tails of the proteins, sometimes Including entire 
domains that were unfolded In Isolation. Proteins with small cores and long loops, such as S1 6 and S1 7, had to be 
substantially rebuilt, since these loops were generally disordered in the solution NMR structures. Finally,' the entire 
structure was rebuilt after an initial round of refinement. Our current model consists of nucleotides 5-1511 of Thermus 
thermophilus 16S RNA (corresponding to 5-1534 of E. coli 1 6S RNA) and all of the ordered regions of the associated 
20 proteins. The current model has been refined against 3.05 A data with a conventional R-factor of 0.213 a free R- 
factor of 0.256 and good geometry. For the proteins, 94% of the residues were in the core or allowed regions of the 
Ramachandran plot, 3.9% in the generously allowed region and 1 .8% In the disallowed region. 



16SRNA 



[0073] The secondary structure of 1 6S ribosomal RNA contains forty-five double helices connected by short single- 
stranded segments. In the crystal structure, many of these helices are coaxially stacked with a helix neighboring in the 
sequence. There are 13 groups of coaxially stacked helices and 23 unstacked helices in 16S rRNA, for a total of 36 
helical elements. There are three different types of helix-helix packing. Most of the helical elements are packed in a 
minor groove to minor groove fashion, which often requires distortions from canonical A-form helical geometry in one 
of the two helices. Adenosines from internal loops or from hairpin loops often mediate docking against an A-form double 
helix, with a dense network of base-? OH and 2* OH - 2* OH hydrogen bonds stabilising the packing. Less often, helix- 
hellx packing occurs In a different mode, by Insertion of a ridge of phosphates into a complementary minor groove of 
another helix. This packing mode is stabilized by hydrogen bonds between the ridge of phosphate oxygens and a layer 
of 2' OH and guanine base NH 2 groups. These guanine N2 groups are often made more accessible by the geometry 
of G-U pairs, which places this moiety farther Into the minor groove than do Watson-Crick pairs. Finally, the rare end- 
on mode of Interhellcal packing uses a purine base to mediate the perpendicular packing of one helix against the minor 
groove of another helix. All three modes of helix-hetix packing are further stabilized by idiosyncratic Interactions between 
double-helical RNA and short non-helical RNA segments. Small bulges of one to three nucleotides are often found to 
pack either between helices or in the major groove of a helix. 

The 5' domain (fpd). 

[0074] The fpd of 16S RNA contains 19 double helices, arranged as 7 groups of coaxially stacked helices and 5 
unstacked helices, for a total of 12 double-helical elements packed tightly together. The result is a wedge-shaped mass 
of RNA that tapers to a single layer of double helices near the top of the domain. Like the other domains, the fpd Is 
rather longer along the subunit Interface than in the perpendicular direction. 

[0075] The fpd can be divided into three subdomalns, roughly corresponding to the upper, lower, and middle thirds 
of the secondary structure of the fpd. These subdomains make up the top and left-hand, the middle, and the lower 
right-hand sides of the body, respectively, in the view from 50S. The upper subdomain Is a nearly planar arrangement 
of four helical elements (H16/H17, H4/H15, H1/H3, and H18). The H16/H17 stack forms the left-hand border of the 
body as viewed from 50S. This stack is almost 120 A long, with H16 making contact with the head and H17 reaching 
the bottom of the subunit. Internal loops In both helices contain S-tums, which are used to modulate the position of the 
phosphate backbone In the case of H1 7, or to create an extended minor groove surface for helix-helix docking (n the 
case of H1 6. The H4/H1 5 stack points towards the bottom of the subunit, with H1 5 well-packed against H1 7. The H1/H3 
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15 



20 



stack is ben. by the corded bu l3 e at position 31 . which results in me proximal end 
end pointing up to the head. The fourth helical element is H18. which is sharply bent to. wmM 

aoknTdetineo by the unstacked heltees 505-507/524-526 ^^^^^^^Z^^^ 
D eweenmeothertwoupwards 1 »inttngelen«ntso(theuppersubdoma.n,H1/H3^ 

aaainst the central pseudoknot at the H18.1 - H1 interface. „ nn ,< „ x 4tsm a 1,^, 

p»q The middirsubdomain contains four helical elements (H5, H6. H12W6A, and H1W14) matta* .a h»« 
Lween *e upper and lower subdomains in me centre o. me body. There are ^^^"^^ZTJn 
the subdomain, and several of its helices pack against the upper subdoma,n on one side and the lower sub^md °" 
he omer. Thus at the bottom of me subunit, the conserved root of H6 packs against H8 0^**™2^ 
side and H15 (upper subdomain) on me omer side. Similarly, me H12/H6A stack packs against H4 vW*J"Momrt4 
and H7 (lower subdomain). Hl^oA abo packs against H5 and ~™^^ 7 ^^*Z^m 
upper and lower subdomains. respecUvely. H5 b wefl-packedagalnst H15 andme 117 '^^"^^'"^ 
HS also packs against the H13/H14 stack in me phosphate ridge-m.nor groove ^manner ™^*" X '^T ^ 
different regions of me lower subdomain. The conserved UACG hairpin loop at me end of H14 pacta , agains ^me 160 
GAAA hakpln from H8 while me large cons«ved hairpin at me end of H13 Interacts with H7. Thla hairpin loop also 
makes many interactions with elements from me middle subdomain. j^ko^ mirtum In 

,0077) The lower subdomain is a collection of three helical elements that form an open ^^^ " B l " 
L tower right-hand comer of me body. The H8/H9 stack stretches fro* .the back of mo subunlt 
conserved 160 GAAA hairpin pointing toward me SOS subunit. It packs tightly against me H7/H1 0 stock at me 4 ™ y 
Action thatjoins mem, and Jgain at a Thermus-specific interaction between '^^""f"^ ZoTJZ 
The H7/H10 stock also makes weak interactions with H15 and H17 from me upper subdomain at 
subunit. H11 contains two sharp bends mat allow its conserved terminal hal-pln loop to pack against H7. Bom bends 
are stabilized by short-range minor-groove to minor-groove packing contacts. 

25 The central domain (cd). 

[00781 The cd is the RNA component of me platform. Its fold based on our previous M A. ***** [9] | bin e^ellent 
agreement wim our current structure. It contains nine helical elements folded .nto a< W-shape '"^^^^ 
single-stranded segments of RNA. me 570 and 820 loops, are also Irnportart structura. e " ^^"^^ 
inatodbymelongstackofH21/H22/H23.wh!chfo^ 

of me left-hand arm of me W, while H22 and H23 form me base of the right-hand side. The nght-hand arm d me W 
co^rof ^3BandH24Awhoseconserved hairpin ,oor« am tlghtfyr^ked. This armngement requires sharp ^ 
between H23 and H23B, and between H24 and H24A. The H23yH23B bend is stabilized by short-range nUno ^r groove- 
minor groove packing interactions. The H24/H24A bend Is more unusual in mat me bend is towarfs he mato ^.ove 
Places a ridged H24A phosphates in me major groove of H24. This ^'^^"^J^'XCnge 
short-range base*ase and base-backbone Interactions In me major groove of the bend and P^**™*™** 
nteractlons between the ben, H24/H24A minor groove and me minor groov, , of H23LThe heart o^tr^ domain 
Is me thicker middle arm of me W. which contains six helical elements (H20, H19/H2S. 

H23B) and the 570 and 820 loops. On me left-hand side of the arm. me H26/H26A Stock packs rightly agams H22. 
the base of H25, and the 570 loop. The H25/H1 9 stack packs well with H20 and with me 570 *hM«nd 
side of me central arm of me W, H23A packs well wim H22. the 820 loop stacks on H24 and H24 packs ^wel hrthtte 
conserved GCAA hairpin loop of H27. In me centre of me arm, H23A packs with H* lln ,me P^^Wg^nor 
groove manner, and me conserved H23A GAAG hairpin loop packs against H20. The 820 loop also Interacts with H20. 
H25, and me 570 loop. 



30 



35 



to 



45 



The y major domain (tmd). 

[0079) The 3' major domain (tpd) is me RNA component of me head of me 30S subunit From the SOS *w the .left- 
hand tide of thehead topers to a beak made o, RNA on me SOS skJe and proto n on £^£^$£Z 

50 domains, the tpd Is relatively thin In me direction perpendicular to the M ^f^ ri ^^^^JZrZ 
helical elements, most of which do not stock on a neighboring helix, in » n ^ h to me e ^ en ^ s ^ 9 °'^ n d , 0 
helices seen in me fpd and the central domain. The tpd can be divided into three subdomains, wrifch » 
the upper, middle, and lower portions of me tpd secondary structure. The upper subdomain b an extended^cture 
in me pari of me head farthest from me 505 subunit. and makes relatively few packing contacts wtm RNA from the 

55 o*er head subdomains. The lower and middle subdomains are more globular and ™ ™ re ^** J^^S 
and make up the front-rlght and front-left portions of me head, respectively. The middle subdomain Includes the RNA 

^^Thew^r subdomain contains three helical elements mat make up a well-separated structure on me solvent 
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I ^i'^ e ^ a,lermiddlesubdonlain "sanded and contains only four helical elements H32 H33/H33A H33R 
S3? J£ * f" " Whte H33B P ° lntS 10 "» ** Wilh 118 ,em * nal ^-ved GNRA hairpin looVpacSd 

H^nl e n riT b8,ween ,he b8ak and * 8 l0W8f subdoma,n - »» ln » um 

H33-H34 junction as well as the 980 loop In the lower subdomain. With the exception ol a small oackina ™ 
w h H32, the ^reguter H34 makes only long-range and somewhat tenuous pJSZ£^^££f£ 

"f " ^ lh * mln ° r 9rOOV9 °' ,ne H3 *H3S/H38 Junctlon ln the 8ubdemaln B 
H30, H31/980 loop, H41 , H41 A, H42 and H43) Intimately packed Into a globular mass Helices 42 and 43 are anon™* 

IITm TT T ,aSh ' m * ' he °' ,he ,old ' and 8ach w^atleSmree^oZS 
htZ Z T.t 2 43 ** '° 9e,her by meanS °' a '"'groove to minor-groove packing of iSSIZSS 
na m in ^ S,<le °' ' he H41 pacta With bMh H42 «" H43 while the tel^ GCM 

ntS^ 1 "*!*■ a9a,nSt H42 - ™ S arran « en1a ' rt a s*arp bend between H41 and H41A whose 

A * ITZf^ a9 ^ ea l h 0 * er a ' ,hS bend 71,8 H43 " H41 P^" fe ""do ™re extens^e by an undeCnd 

weC^d w im H29 22» - 50 t side °' ,he MnW H42/H43 pair are H29 - H30 ' TO1 and 980 

lH.h!« d , ^ 8 . d makSS we al«r interactions with H30 and the 980 loop, while H42 is well-packed with H30 
pack s medlZ h 1 ?: 'T '* »" sa ^ « pVlrs at the base ^ 

f, » Jf f V 8 °° nSe,Ved S - ,Um 81 1,19 base °' H43 ' **■» «ls<> mediates the packing of H42 with HM H31 
h a penphera. element of the subdomain, packing well only with H30, but afco packs wHh H34 sub 



77>e 3' m/nor domain. 



Si. ^striis? J r r. hences at ,he subunit in,erface - H44 is ,he ■■"«••« he|6 < » 

fnteracfen^^^ 

oaTed a" a r s . .?h ^ "PP""""^* Pe<Pendicular to H44, with its conserved GGAA hairpin ioop 
pawed against H44 and available for Interaction with the large subunit 

PROTEINS IN THE 3QS AND TH EIR INTERACTION WITH 16S RRNA 

MM do^T^u^^f* 8,1 tL m ° 3 f ^ 51 ■ Tha P«> te "» generally consist of one or more 
lowed doma ns, about half of which were known from previous work on isolated proteins. However neartv all of the 

^S^ZS^ST* "', 'r PS T " inUma,e,y Wi,h RNA a " d were -^d"tet^ 

saiisrc satssss 4^^' rna ' ,here are ab ° — 

Pmleins In the cential domain (SIB, S11, S8, SIS). 

b^sh^!umIll^Z^ te l re !! dUeS 19 " 88 ' aMns ^°'^helces..andaml ra her^l element formed 
corrnec~s^^^ 

^L.fHi S " t 8 T StmC,dra and consfete 01 lwo hellces P*** aga" 18 * 8 sheet, a type of fold seen In many 
Sa^STdT^ 7? a9 r inS, ,h8 mln ° r 9r0OV8 °' ,h8 690 ,0 °" ^ and ^ C-tenZ^enZ 
P^nTy^^^^^ 

wt^wh?ve S mot^ e ^ H ,^ 1 ,^ m 

thebuCbaseleTl tK? ,hese ' nte ~ct'«»"a. In particula, two toopsfmm 88(87-92 and i^-IIBJwrap around 
he pmS a^oTkl'ff^ We ™ known to 1,8 rei l u,r8d ,w h| g h a«Wy binding of S8 [20, 21 J. The N-te^lnus of 

toCSrE^ 9r00V8 °' *° 825 ^ (H25) ' thus he, P' n9 ,h8 f0,di "9 * » 8 ^ *>main. 
In ThMrnai ^of r. on ^ 0 « r neJdt0 88Ch other as wouldbe expected fromcrosslinking [22). Theextension 
nom?» 'fPj^Pacte against S2fmm a symmeby related molecule. 
[0088J SIS. S15 binds between H20 and H22 near the three-way junction 
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The 5' domain binding proteins S17, S16 and S20. 

[0089] S17: Although originally thought to be exclusively a ST domain binding protein, S17 also binds near the 
H20/H21/H22 three-way iunctlon. The core of S17 is known from NMR to be a parrel with an OB fold, w h , long 
extended loops [23]. These loops are disordered in solution but bind RNA In the SOS. In Thermus there tea Jong O 
terminal extension to S1 7 that is organized as an RNA-binding helix. The core of the protein and the C-term naJheto 
make extensive contacts with H11 and also contact H7. The C-terminai helix also contacts H21 in the cental domain^ 
Two long loops, loop 1 (26-36) and loop 2 (60-71 ) are ordered and interact with disparate domains of RNA exactly as 
predicted. Loop 1 , which contains the site of neamine resistance, Is inserted between H21 and a highly irregular • struc- 
ture at the base of H 1 1 . The very tip of loop 1 also touches the 560 loop of 1 6S RNA. Loop 2 whjch contains the sfte 
of a mutant defective In assembly, Is Involved in stitching together H7 and H11 . Thus S1 7 interacts with H7, mi ana 
the 560 loop In the 5' domain, and H21 in the central domain. M ^nM 
[0090] S16: For a small protein, S16 has an extensive footprint throughout the 5' domain. All of the residues (1-88) 
are visible in the electron density, and were rebuilt using an NMR structure [24] as a 9"jde. The protein, 
N-terminal sheet with two extended loops, and two short helfces in the Oterminal end. All of the extensive contacts 
with 1 6S RNA are now dear. The 8-sheet is packed between the 608/620 internal loop of H21 1 on one side anda mhor 
groove of H4 on the other. The two loops that extend out from this sheet both interact with RNA. Loop 1 Interacts with 
phosphates In major groove of H4, while residues 39-43 In loop 2 make contact with the phosphate backbone around 
the Internal loop near 453 In H17. The first helix (53-61) also extends across the major groove of this Internal Itoop 
while the C-terminal end of the second helix along with the turn leading out of it point into a minor groove of H1 7. There 
is also interaction with the 11 0 loop of the 5' domain. Finally, the extended Oterminus lies across the minor groove at 

[OOgV' S^The current high resolution structure of S20 shows that the long N-terminaJ helix contacts the base of 
H6 and the tip of helix 44, and many conserved basic residues make salt-bridges with phosphates. Helices 2 and 3 of 
S20interactwith the minor groove of H9, and helix 3 also Interacts with tip of H11 (263). Rnally the extreme C-term^ 
of the protein is extended and lies along the minor groove of H9, which is longer in Thermus by 11 nucleotides. Thus 
S20 brings together several helices near the bottom of the subunit. 

Proteins near the functional centre. 

[00921 S4, S5 and S12 are clustered near the "functional center" of the ribosome and contain the sites of several 
important mutations. ...... 

[0093] S4: In the structure of isolated S4 [25, 26] the N-termlnal domain was cleaved off prior to crystallization. This 
N-terminai region is organized as a tightly folded domain with a metal Ion (presumably zinc) that is coordinated by four 
cysteines. The domain is packed against the body of the protein. While the N-terminus of S* is h ighly '^^^ 
cysteines themselves are not. tt is therefore likely that the addition of a "zinc finger- is for additional stabihty rather than 
essential for the fold. The linker residues 46-52 connect the N-terminal domain with the rest of the protein. All domains 
of S4 make intimate contacts with RNA. In particular, S4 makes extensive contacts with a five-way junction where H3, 
H4.H16.H17 and H18 come together In the 5' domain. 

[00941 The N-terminal domain is packed against the 420 stem-loop (H16). The largely helical domain I Is packed 
against a complicated region of RNA where H3 and the 507 bulge at the base of H1 8 come together. The remaining 
domain of S4 makes extensive contact with the minor groove of the base of H16. In addition, it also makes contact 
with the tip of the H21 , which is itself packed against H4. This position Is consistent with the large body of biochemical 

data on S4 binding to 1 6S RNA. aBlc . onH c«; th«t 

[0095] The Oterminus of S4 makes an extensive interface with S5. Most of the known mutations of S4 and S5 that 
confer the ram phenotype are located In this region [27, 28]. The interface consists of several highly conserved salt 
bridges, and some of the mutations break one or more of these interactions. 

[0096] S5: The structure of S5 shows that the loop from residues 14-28 is folded back onto the body o> tt»e protein 
in the isolated structure, but Is a fully extended p-hairpin in the 30S. Also, the Oterminus of S5 t whteMs bordered 
in the isolated structure, Is mainly helical and packs against a complicated surface of S8 formed by many different 

[0097? S5 interacts closely with a region of the ribosome where the head and the body come together. In the head, 
the extended H35/H36 helix packs against H28, which forms the neck of the 30S connecting the body with the head^ 
The tip of H36 makes contact with H26a, H2 and the central pseudoknot In the body. Protein S5 has contacts throughout 
this region, thereby stabilizing the conformation of the head with respect to the body. 

[0098] The Oterminal sheet of S5 makes extensive interactions with the major groove of the H1 and ihe cenjai 
pseudoknot. The N-terminal domain binds to the major groove of H36, as does the base of the B-halrpin. The tip of the 
hairpin interacts with the phosphate backbone in H28 and Is also very close to H34. Nucleotide 660 is very close to 
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K1 21 in agreement with crosslinking data. 

[0099] Most of the extensive interactions with RNA occur via major grooves or phosphate backbone. 
[0100J S12: S12 is unusual both for its structure and location. It is unique among the 30S proteins in being on the 
interface side of the subunit Its central core consists of a b-barrel with an OB fold, a feature found in other proteins 
such as S17. This core binds together H1 8, the 530 stem loop (at the tip of H18), H3 and a part of H44 close to the 
decoding site. An unusual feature is a long extension that connects this core with a short helix at the N-terminus of the 
protein. This extension threads between the 560 loop and H12 on one side, and H11 on the other, to make contact 
with both S8 and S1 7 on the other side of the 30S. 

[01 01 J SI 2 is also the only protein in the vicinity of the decoding site near 1492-1493 of RNA. It is the site of a number 
of functionally interesting mutations. 

The head proteins $7 and S9. 

[0102] S7: Protein S7, whose structure in isolation was previously known, is known to be crucial for the assembly 
of the head [29]. In our 30S structure, the entire sequence Is visible, Including the very basic N-terminus. S7 binds to 
a small but complex region of the tpd that encompasses two multiple-stem junctions at a comer of the head. The 
majority of the interaction surface consists of H29 tightly docked to the S-tum at the base of H43. This docking requires 
a tight turn at 1 346, probably stabilized by S7 binding. Because S7 also makes interactions with H28, its primary surface 
of interaction encompasses all three of the helices around the H28/H29/H43 three-way junction. The very tight docking 
of H29 to H43 gives rise to a small region of very high negative charge density, which is bound by a surface of S7 with 
very high concentration of positive charge (mainly S7 helices 1 and 4). 

[0103] The second important interaction surface is centred on the second multiple stem junction that S7 binds, the 
H29/H30/H41/H42 junction. In this junction, H30 and the base of H42 are tightly packed together, with a tight turn 
between them. An S-tum between helices 41 and 42 mediates packing of H41 and H42, which also have a tight turn 
between them. H41 also packs very tightly against H43. S7 makes contacts to the phosphate backbone of H41 , sta- 
bilizing its packing with H43, and to residues around 1240 and 1298 where the tight bends occur in the 
H29/H307H417H42 junction. Contacts with U1240 are particularly intimate: the universally conserved bulge U1240 Is 
deeply buried into a conserved hydrophobic pocket between the 35 and 115 loops of S7. 

[01 04] The p-hairpin is not tightly associated with 1 6S RNA, but probably fits tightly Into the minor groove of the E- 
site tRNA. The structure is in rough agreement with a model of S7 binding to ribosomal RNA [30], but there are also 
significant differences, including the location of H43. 

[01 05] S9: S9 consists of a compact RNA-binding domain consisting of 2 helices packed against a 5-stranded sheet, 
with a third short helix at the C-termlnal end of the domain. From this domain, there Is a long 25 residue C-termlnal tail 
that snakes into elements of the head RNA. S9 also interacts with S7 via a small hydrophobic patch. 
[0106] The sheet of S9 makes extensive interactions with H38 and H39. It also has two loops that interact with the 
1250 internal loop of H41. The short C-termlnal helix Interacts with 1177-1180 in H40. 

[01 07] The long C-terminal extension snakes between the H29-H43 junction on one side and the H38-H34 junction 
on the other to touch a portion of H31 . 

The S3 S10S14 cluster. 

[0108] These three proteins form a cluster on the rear left-hand of the head, as the protein portion of the beak. S3 
is clearly stacked on top of the other two proteins, consistent with the order of assembly. 

[0109] S14: S14 is bound in a crevice in the RNA and Is mostly covered by S3 and S10. Almost the whole molecule 
contacts RNA, including helices H31 , H32, H34, H38, and H43. Across linked residue is in close proximity to the RNA 28. 
[01 10] S1 4 contains a zinc ion coordinated by four cysteines from a CXXC-X1 2-CXXC motif. This motif Is structurally 
similar to that found In the first zinc finger In the glucocorticoid receptor. This zinc binding motif is not conserved among 
all bacteria, although many of the'residues surrounding it are, suggesting perhaps that In other organisms,the protein 
folds via a hydrophobic core. 

[0111] S10: S1 0 is structurally very similar to the S6 fold, with two helices packed against a 4-stranded sheet Two 
of the strands in this sheet are connected by a long p-hairpin that extends out from the sheet and is inserted right Into 
the centre of the head RNA fold. The p-hairpin makes most of the contacts with RNA, including helices H31 , H34 and 
H41 . The two strands of the sheet pack Into the shallow minor groove of H39, making contacts with backbone residues 
on both sides of the groove. 

[0112] S3: S3 contains two domains, both consisting of two helices packed against a 4-stranded sheet, which is 
similar to several other ribosomal proteins. In addition to the domains there is an N-termlnal tail (an of which Is visible). 
The C-terminal 30 residues are poorly conserved and disordered In the structure. 

[01 13] RNA contact is made by the N-terminal tan and the C-terminal domain. The N-terminal tail fits into a major 
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groove of H34. The sheet In the C-terminal domain also packs against H34. 

[01 14) The N-terminal domain makes few if any contacts with the RNA, but is mainly involved with making protein 
contacts with S10 and S14. 

5 S13andS19. 

[01 1 5] S1 3 and S1 9 form a loose dimer at the very top" of the interface side of the head, extending both above and 
closer to the 50S than any of the head RNA. In spite of their location In this flexible region, they are both relatively well- 
denned in the electron density. Except for the C-terminal tail of S13, which reaches into the head and almost touches 

10 the tail of S9, none of these proteins are in contact with any other of the proteins In the small subuniL Together with 
S12, S11 and S15, these are among the few proteins that surround the region of intersubunit contact 
[01 1 6] S13: All 1 25 residues of S1 3 are visible In the structure. The N-terminus (about 60 residues) forms a compact 
domain consisting of three small helices. Of this domain, only a small loop is in contact with the RNA and the domain 
appears to be clinging to the subunit only by virtue of its highly extended C-terminal region. This region begins with a 

15 long, straight alpha-helix that creeps along the top of the 30S head towards S1 9. It interacts mainly wfth the 1 300 loop 
and H42. At this point the polypeptide chain bends by about 90 degrees, and the rest of the protein is mostly lacking 
in any secondary structure. This extended region curves around H41 into the head where it is buried in the RNA about 
50-60 A from the globular, N-terminal domain. It contacts H30 In the head. 

[01171 S19: S19 consists of 92 residues. An NMR structure of isolated S19 [31] showed a single globular domain 
20 consisting of a helix packed against a three-stranded sheet, in which residues 9-78 were ordered. In the 30S structure, 
residues 2-81 are visible in the electron density. The C-terminus of the protein points towards the interface side and 
may become ordered in the 70S complex. Like S13, most of the globular domain of S19 is well separated from the 
RNA, but here both the N- and C-terminal extensions to the globular domain, as weli as the loops 68-73 and 34-39 
make contacts with H42. The C-tenminal extension, like S13, bends around the RNA, to contact H31 while the N- 
25 terminus reaches H42 some considerable distance away. Thus, S1 9 straddles a portion of the head of the 30S. The 
residues In S13 and S1 9 that were crosslinked 48 are adjacent to each other in the structure. 

SZ 

30 [0118] Therm us S2 consists of 256 residues of which 7-235 are visible in our structure. The protein consists of a 
large central domain of about 200 residues that consists of a 5-stranded parallel sheet and four helices connecting 
them. Two helices that form a small coiled-coil motif protrude out of this domain. The protein is located on the back of 
the 30S at the Interface between the head and the rest of the particle. While it is primarily regarded as a "head" protein, 
it also makes contacts with the central domain in our structure. 

35 

Thx. 

[01 19] This small 26 residue peptide was isolated and characterized from Thermus ribosomes (1 B]. Thx fills a cavity 
f ormed by a number of different elements at the very top of the head. Residues 1 -24 are visible in the electron density, 
^0 of which 8-1 4 form a short helix, flanked by extended ends. It is surrounded by H42, the tip of H41 , and the base of 
H41, while the bottom of the cavity is formed by the major groove of H43. The protein is highly basic, and there are 
extensive salt-bridges between these residues and phosphates of nearby RNA. Thus Thx stabilizes a number of dif- 
ferent RNA elements that come close together near the top of the head. 

4* FUNCTIONAL INSIGHTS FROM THE STRUCTURE OF THE 30S RIBOSOMAL SUBUNIT. 

[0120] During translation of the genetic code, the 30S ribosomal subunit provides the framework for base-pairing 
between the anticodon of tRNA arid the codon of mRNA, and discriminates between cognate and non-cogpate tRNAs 
to ensure translational fidelity, in a process termed decoding. During translocation, the ribosome must movtfby precisely 

so one codon relative to mRNA and the bound tRNAs. Both decoding and translocation involve "switches" in which precise 
conformational changes occur in the ribosome. The atomic resolution structure of the 30S subunit allows us to interpret 
the environment of the mRNA and tRNA binding sites in molecular terms. In one well-characterized example of a 
functional switch involved in accuracy, we are also able to determine the spatial arrangement of its elements, thus 
elucidating its architecture. The structure also suggests other possible switching elements in the 30S, and sheds light 

S5 on the kinds of movements that might occur. 

[0121] The ribosome contains three tRNA binding sites, designated A (aminoacyl), P (peptldyl) and E (exit), after 
their respective tRNA substrates. Each site is bipartite, located partly on the 30S ribosomal subunit and partly on the 
50S subunit. The A- and P-site tRNAs bind with their aminoacyl acceptor ends on the SOS subunit, and with their 
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anticodon ends base-paired to adjacent mRNA codons on the 30S subunit The E-site tRNA is bound in a similar 
orientation but it is not known whether the E-site tRNA is base-paired to the E-site mRNA codon. The 30S subunit also 
binds mRNA upstream and downstream of the A, P and E codons. During translation, incoming aminoacyl tRNA is 
delivered to the A-site as a ternary complex with EF-Tu and GTR Discrimination of cognate from non-cognate tRNAs 
occurs In the A-site. It is thought that there is also a second "proofreading" discrimination step In the A-site after GTP 
hydrolysis by EF-Tu, which is needed to discriminate cognate from near-cognate tRNAs. The 30S P-site has a much 
higher affinity for tRNA, in order to maintain the reading frame. 

[0122] There Is one well-characterized conformational switch in the 30S subunit, the helix 27 accuracy switch [32J. 
Genetic and biochemical data support a model in which this switch may be part of a larger-scale conformational change 
that occurs between initial selection and proofreading of the A-site tRNA, or the switch may play a role in translocation. 
(0123) Until recently, there has been a large disparity between the high resolution of the genetic and blochemlcaJ 
data that define the RNA components of the active sites of the 30S subunit, and the relatively low- resolution of the 
three-dimensional structures of ribosomes available. The present invention addresses this disparity. In combination 
with previous biochemical and other data, it Is now possible to identify the detailed structure of 30S active sites. In 
addition, by superimposing the tRNA and mRNA coordinates from the known 7.8 A 70S structure, it is now possible 
to infer many of the Interactions between 30S active sites and tRNAAnRNA ligands. 

[0124] With our complete and high resolution structure of the 30S subunit in hand, it is now possible to Identify at 
the residue level the elements of the 30S subunit that Interact with the anticodon stem-loop (ASL) of the A, P and E- 
site tRNAs and associated mRNA. 

[0125] Identification of the precise boundaries of the A, P, and E sites in an unbiased fashion in a structure determined 
In the absence of cognate tRNA ligands would normally be problematic. As it happens, the P-site in the 30S structure 
Is filled with a stem-loop of RNA corresponding to residues 75-95 (In the £ coU numbering system) from the end of 
the "spur" (H6) of a neighbouring molecule. (Henceforth the term "spur" will refer to the symmetry-related spur docked 
In the P-site, rather than the spur at the bottom of the same subunit). The spur appears to mimic P-site tRNA by a 
variety of criteria. The extent of the 30S interaction with the anticodon stem-loop (ASL) Is In very good agreement with 
that determined by affinity measurements [33] and by hydroxyl radical footprinting [34]. Secondly, the conformation of 
the spur stem-loop is distorted In order to more closely resemble the canonical tRNA ASL conformation [35, 36]: a U- 
A base pair is broken so that the spur hairpin loop can approximate the conformation of a tRNA ASL, complete with a 
U-tum and stacked anticodon. Another Indication that the spur is a mimic of a bound P-site tRNA ASL Is that of the 
twelve hydrogen bonds between 30S and the spur, only one appears to be sequence-specific, in accordance with the 
lack of sequence conservation in tRNA anticodon stems. Finally, close contacts of the spur with 16S RNA are on the 
whole consistent with chemical protection data for P-site tRNA [37] and with the 34-C1400 UV-induced crosslink be- 
tween tRNA and 16S RNA [38] (the analogous residues are stacked in the 30S crystal structure). 
[0126] Yet another indication that the spur mimics a P-site tRNA ASL Is that its "pseudo-antlcodon" is base-paired 
to a triplet of nucleotides, a mimic of mRNA. A fourth nucleotide is also visible 5 f to the pseudo-anticodon, in the E site. 
These pseudo-codon bases are clearly pyrimldines, and appear to be UCU from the base-pairing geometries, which 
are U-U, U-C, and U-U since the pseudo-anticodon is UUU. The origin of this "pseudo-message" is unclear, but it 
probably comes from the 3' end of 16S RNA, which ends with 5' U 1 542C1 543 U 1544 3\ Trie last nucleotide of our 1 6S 
model is C1533, so that seven disordered nucleotides would span the 25A gap between C1533 and U1541, which Is 
clearly stereochemical^ feasible. Alternatively, it Is possible that the 3' end of 1 6S RNA has been cleaved somewhere 
between C1533 and U1541 prior to or during crystallization. The presence of functional mimics of mRNA and P-site 
tRNA also explains why these crystals diffract relatively well: the P-site tRNA makes extensive contacts with both the 
head and the body of the 30S, thereby helping to lock the particle into a single conformation. 
[0127] To ask how well pseudomessage and spur mimic mRNA and the ASL of tRNA, we have used the 7.8 A 
resolution structure of the 70S ribosome with bound mRNA and tRNAs [39]. In that structure, two elements of 16S 
RNA were Identified, H27 and H44. To avoid any possible bias in our Interpretation of the spur as a mimic, only H27 
and H44 were used to in the alignment to superimpose the 70S structures onto our 30S structure. Despite the relatively 
low resolution of the 70S structure used, a least-squares superposition of these two elements had a phosphate r.m.s. 
d. of only 2.3 A. When the 70S elements are superimposed In this manner onto our 30S structure, we found that indeed, 
as expected, the P-slte tRNA superimposes well onto the 30S spur, and the 30S pseudo-message corresponds to the 
P-site codon. In particular, the orientation of the spur stem-loop Is very similar to the 70S P-site ASL, and there are no 
significant clashes between the 70S A- and E-site tRNAs and our30S subunit when superimposed in this manner. It 
Is clear that the spur and pseudo-message cannot be perfect mimics, however, because the pseudo-anticodon - codon 
helix consists of three pyrimldine-pynmidine base pairs, which are about 2 A narrower than Watson-Crick pairs. Thus 
it seems likely that the spur and Its pseudo-message are good but not perfect mimics of P-site tRNA and P-site codon, 
respectively, and that the spur mimic model should explain many but perhaps not all features of P-site tRNA binding 
to the 30S. Moreover, the transformed A- and P-site tRNAs and A-site codon provides a useful landmarks for modeling 
the extent of the A- and E-sites of the 30S. 
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The P-site. 

[01 28] The P-site spur contacts several discrete regions of 1 6S RNA, most of which have been implicated Hi P-site 
binding by biochemical experiments. Two proteins also participate in binding the P-site ASL, a possibly surprising 

s result Most of the contact surface lies between the minor groove of the spur stem and 1 6S RNA nucleotides 1 338-1 341 , 
1 229-1 230, and the C-terminal tails of proteins S1 3 and S9. There are many hydrogen bonds between the minor groove 
(i.e. the Z OH and base groups) of spur residues C91 , C92, and G78 and the minor groove surface of G1338-A1 339. 
Only one of these hydrogen bonds appears to be sequence-specific (G78 N2 - A1339 N3). A contact from Lys 126 of 
S9 appears to he!p stabilize this minor-groove to minor-groove packing interaction. Both 1 338 and 1 339 have previously 

10 been implicated in P-site binding [37]. A second area of contact, nearly continuous with the first, is between the 16S 
1229-1230 sugar-phosphate backbone and spur residues G77 and G78. This region of contact is extended by the C- 
terminal tail of S13, which seems to help glue the spur and the 1229-1230 area together. The other areas of contact 
are much more tenuous. One interaction is stacking of U82 on C1 400, which rationalizes the ASL 34-C1 400 uv-induced 
crosslink [38]. The other is a packing interaction between A790 and spur residues 88-89, with a single hydrogen bond 

15 present. A790 is a so-called class 111 site, that is it is protected by either tRNA or 50S subuntts. From the spur Interaction, 
it would thus appear that binding of either the 50S subunit or the P-site ASL stabilizes a contact between A790 N6 and 
the phosphate of 1 498, i.e. a contact between the central and three-prime minor domains. Finally, if the pseudo-codon 
- pseudo-antteodon helix were a few A wider, as It would be for a Watson-Crick-palred helix, it would make van der 
Waals contact with the base of G966. G966 has also previously been implicated as part of the P-site by chemical 

20 modification experiments and has also been identified as a one of the few guanines crucial for P-site binding [40]. 
[0129] The P-site codon is threaded through the major groove of the upper portion of helix 44, in a universally con- 
served region of 16S RNA. There appears to be a tight turn between nucleotides -1 and +1, that Is, between the last 
E-site and the first P-site codon nucleotides. This tight turn is stabilized by a hydrogen bond to the N1/N2 groups of 
the conserved residue G926, a residue previously implicated as crucial for P-site binding [40]. Additional hydrogen 

25 bonds are seen between the 2'OH of +1 to the phosphate of C1498, and between the phosphate of 4-2 and the 2* OH 
of C1498. The phosphate of +2 also stacks on the base of C1498. The phosphate of +3 Is within hydrogen-bonding 
distance of two conserved cytidine N4 groups, from C1 402 and C1403. The +3 base also stacks on the sugar of C1 400. 
Finally, it appears likely that there are several magnesium ions that may help stabilize the location of the P-site codon 
in the major groove of H44. 

30 

The E-site. 

[01 30] The E-site is defined by the environment surrounding the 70S E-site tRNA superimposed onto our 30S struc- 
ture, as described above. Unlike the A and P-sites, the E-site consists mostly of protein. Proteins S7 and S11 have a 
35 small interface that binds the minor groove of the E-site ASL The highly conserved beta-hairpin of S7 extends this 
surface nearly to the bottom of the anticodon, and it is possible that the S7 beta-hairpin helps dissociate the E-site 
codon from the E-site anticodon. The RNA portion of the E-site makes only tenuous interactions with the E-site ASL. 
16S nucleotides 1382 and 1383 may interact with residue 34 of the anticodon. The minor-groove surface of the con- 
served 1 6S residues 693 and 694 may interact with the minor-groove surface of the 37-39 residues of the E-site ASL. 

40 

The A-site. 

[01 31] The A-site Is rather wider and shallower than the P or E sites, perhaps in order to allow rotation of the A-site 
codon-anticodon helix during or after GTP hydrolysis by EF-Tu. The RNA components of the A-site appear to include 
<5 portions of the 530 loop, H34 in the head, and residues 1492-1493 from the 3' minor domain, all of which have been 
previously implicated in A-site binding. 

The Helix 27 switch. ' 

» [0132] It Is clear that many of the elements that make contact with the various tRNA would have to move during 
translocation. Indeed, the ribosome is known to undergo extensive conformational changes during the elongation cycle, 
and these must involve breaking and making precise contacts. However, the precise switching elements in these con- 
formational changes are not known in general, with the exception of a switch in H27. 

[0133] H27 is proposed to have two alternative base-pairing schemes during translation, one a 'mm "or permissive 
& form that pairs 885-887 with 910-912, and an alternative "restrictive" form that pairs 888-890 with 910-912 [32]. The 
ram form appears to be the more stable form In the ribosome and it features an S-tum (or loop E motif) in H27. The 
S-turn in H27 is also seen in the tRNA-bound structure of the 70S [39]. A switch to the restrictive form would Involve 
a sliding of the two strands of H27 relative to each other and the S-tum would be replaced by an internal loop with a 
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different structure for H27. Indeed, analysis of the two forms by cryoelectron microscopy reveal noticeable conforma- 
tional changes in the ribosome, especially around the A-site [41]. We can now precisely define the structure around 
H27 and use previous chemical modification data [32] to suggest the kinds of movement involved. 
[0134] The S-turn in H27 around 888 is right next to 1489 in H44, and H27 packs against the minor groove of H44 
5 just below the decoding site. The tip of H27 is close to H11 , while 885, which is base-paired with 91 0 in ourconf ormation, 
is near both H1 and the 570 loop. Finally, 914 Is near both H1 and 526 in the 530 loop. Thus H27 is right in the heart 
of an area which includes the decoding site and the 530 loop. So it is not surprising that a change in the conformation 
of H27 would have affect these elements. 

[0135] A number of elements that are more accessible in the 'restrictive' state appear to be protected in the structure 
10 of the present invention. Thus for example, 524-526 are currently base-paired with 507-505 in the 530 pseudoknot. 
This suggests that the 530 pseudoknot could be broken in the restrictive state. Similarly, 1053 and 1197 are base- 
paired in the current structure, but they are part of a distorted region of H34 analogous to an S-tum, and it is not hard 
to envisage that an analogous switch might occur in H34 in the alternative state. Thus the data in combination with 
our structure suggests that H34 in the head and the 530 loop in the shoulder move between the two states, with H34 
is possibly adopting an alternative form, and the 530 pseudoknot being disrupted. In this context, it is interesting to note 
that both H34 and the 530 loop have been implicated in tRNA binding. 

[0136] Other parts of the chemical protection data, especially those that are supposed to indicate enhanced acces- 
sibility in the mm state j'are not so easy to rationalize since they involve protected bases In our structure. 
[0137] The 30S structure has allowed us to identify details of the tRNA and mRNA binding sites, as well as obtain 
20 our first detailed look at the structure around the H27 switch. Clearly, H27isonly one component of major conformational 
changes that occur during translation. Analysis of the high resolution 30S structure should allow us to identify other 
potential switching elements, which may then be tested genetically. 
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Claims 

1. A crystal of a 30S subunit having a tetragonal space group P4 1 2 1 2 with unit cell dimensions of a = 401 .375 A, b 
= 401.375 A, c= 175.887 A. 

2. A crystal of a 30S subunit having a tetragonal space group P4 1 2 1 2 with unit cell dimensions of a = 401 .4 A, b = 
401.4 A, c= 175.9 A. 

3. A crystal of a 30S ribosoma! subunit having a resolution better (numerically less) than about 3 A. 

4. A crystal a 30S ribosomal subunit having the structure defined by the co-ordinates of Table 1 . 

5. A computer-based method of rational drug design which comprises: 

providing the structure of a 30S ribosomal subunit as defined by the coordinates of Table 1 ; 
providing the structure of a candidate modulator molecule; and 
fitting the structure of candidate to the structure of the 30S of Table 1 . 

6. A computer-based method for Identifying a potential inhibitor of the 30S ribosome comprising the steps of: 

a. employing a three-dimensional structure of 30S, or at least one sub-domain thereof, to characterise at least 
one active site, the three-dimensional structure being defined by atomic coordinate data according to Table 
1; and 

b. identifying the potential inhibitor by designing or selecting a compound for interaction with the active site. 

7. The method of claim 6 which further comprises: 

c. obtaining or synthesis! ng the potential inhibitor; 

d. contacting the potential Inhibitor with 30S to determine the ability of said Inhibitor to interact with the 30S. 

8. The method of claim 6 which further comprises: 

c. obtaining or synthesising said potential ligand; 

d. forming a complex of 30S and said potential ligand; and 

e. analysing said complex by X-ray crystallography to determine the ability of said potential ligand to interact 
with 30S. 

9. A method for the determination of the structure of a bacterial 30S from a species other th an T. thermophitus which 
method comprises: 

(a) crystallising the 30S of said species to obtain a crystal; 

(b) performing X-ray crystallography on said crystal to obtain X-ray diffraction data; 

(c) providing the structure data of Table 1 ; and 

(d) using molecular replacement to calculate an electron density map of the 30S. 

10. A computer system, Intended to generate structures and/or perform rational drug design for the 30S ribosome or 
complexes of the 30S ribosome with a potential modulator, the system containing either (a) atomic coordinate data 
according to Table 1 , said data defining the three-dimensional structure of 30S or at least one sub-domain thereof , 
or (b) structure factor data for 30S, said structure factor data being derivable from the atomic coordinate data of 
Table 1. 

11. A computer readable media with either (a) atomic coordinate data according to Table 1 recorded thereon, said 
data defining the three-dimensional structure of the 30S ribosome, at least one atom or at least one sub^domaln 
thereof, or (b) structure factor data for the 30S ribosome recorded thereon, the structure.! actor data being derivable 
from the atomic coordinate data of Table 1 . 
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